Abstract
Introduction
The Interventional Management of Stroke (IMS) III trial was a phase III, randomized, controlled, multicenter trial designed to evaluate the efficacy of endovascular therapy (EVT) following intravenous recombinant tissue plasminogen activator (i.v. rt-PA) compared to i.v. rt-PA alone. Briefly, subjects had moderate-to-severe stroke, defined based on a baseline National Institutes of Health Stroke Scale (NIHSS) of 10 or more or an NIHSS of 8-9 with documentation of large artery occlusion on CT angiography, and were treated with i.v. rt-PA within 3 h of onset. After i.v. rt-PA, subjects were randomized with 2: 1 allocation to EVT versus i.v. rt-PA. The primary outcome was the modified Rankin Scale evaluated at 90 days after onset. Detailed study information regarding the trial methodology and primary results has previously been published [1, 2] . The trial was terminated early when the prespecified futility boundary was crossed after 656 out of 900 subjects had been enrolled.
The NIHSS, which has been shown to predict outcome well after stroke [3] [4] [5] [6] [7] [8] , was a prespecified secondary outcome of the trial. In addition to the baseline measurement used to define severity, the NIHSS evaluation was repeated at 40 min after i.v. rt-PA initiation, 24 h, 5 and 90 days. Therefore, we assessed the benefit of EVT using the NIHSS outcome measure and explored the temporal pattern of the treatment effect.
Methods
NIHSS measured at 40 min after i.v. rt-PA initiation, 24 h, 5 and 90 days were used as outcomes. Because the distribution of NIHSS at each individual time point is skewed, the treatment effect at each time point was evaluated first independently using the Wilcoxon Rank Sum test. The correlation across time points was assessed via the Spearman Correlation coefficient. Then, a covariance structure model was applied to investigate the treatment effect over time, adjusting for prognostic covariates. The residual plots of the model were assessed and the normality assumption was met. All subjects enrolled in the IMS III trial were included for the repeated measure analysis. The covariance structure model takes into account the correlation across repeated measurements by estimating the covariance matrix pattern while making inference. Interaction between time of the NIHSS measurement and treatment was also included. The analysis model can be illustrated as
where X is a vector of covariates including age, time from symptom onset to treatment, and baseline stroke severity defined according to the dichotomized baseline NIHSS (NIHSS ≤ 19 vs. NIHSS ≥ 20, to be consistent with the primary analysis [1] ). All covariates were prespecified in the statistical analysis plan. The normality assumption of residuals was checked and met.
The analysis was also explored in the subgroup of subjects with identified occlusion on baseline CT angiography, given the trend towards treatment effect on the primary outcome in this subgroup [9] , and the similar selection paradigm in recent positive trials [9, [10] [11] [12] .
All tests were conducted at a two-sided α level of 0.05. All analyses were carried out using SAS ® version 9.4.
Results
A total of 656 subjects were included in the analysis with 434 in the treatment (EVT) group and 222 in the control (i.v. t-PA only) group. Figure 1 presents the distribution of the observed NIHSS by treatment group at each time point, as well as the results of the Wilcoxon Rank Sum test ( p values) comparing the treatment groups independently at each time point. There was insufficient evidence to declare a treatment effect at any individual time point.
Pairwise correlation of the NIHSS between each time point is observed. In general, all time points are at least moderately correlated, with the highest correlation observed between 24 h and day 5 ( r = 0.88) and the lowest between 40 min and day 90 ( r = 0.46). The association wanes over time. However, no obvious covariance structure pattern was identified based on the correlation coefficients. Therefore, an unstructured pattern was adopted and tested for the subsequent covariance structure model analysis. Table 1 presents the results of the covariance structure model. The interaction between the treatment and time is statistically significant, which indicates that the effect of EVT on the NIHSS varies over time, i.e., the treatment effect on the NIHSS varies according to the evaluation time point. Therefore, care must be taken when interpreting the main effects. Age, time from symptom onset to treatment, and stroke severity at baseline are all important prognostic covariates in the model. Figure 2 present Table 1 . Results of the covariance structure model for the fixed effects the covariance structure model, which models the repeated measurements simultaneously. After accounting for the correlation among the repeated measurements, a significant treatment effect is observed at Day 90 ( p = 0.0473). The estimated effect of EVT on the NIHSS based on the covariance structure model is 1 unit decreasing compared to that of the i.v. rt-PA therapy only. Among the subgroup with occlusion on baseline CT angiography ( n = 282), a similar trend can be seen, with a slightly larger estimated treatment effect at 90 days (-1.45, 95% CI: [ -3.13, 0.24]).
Discussion
The IMS III trial demonstrated a modest treatment effect in favor of EVT based on the secondary outcome of NIHSS using a repeated analysis approach. However, the magnitude of this treatment effect varied by the time of assessment. Only at Day 90 did the endovascular arm have a significantly lower NIHSS than the IV-tPA arm. It is clear that time is an important factor in terms of evaluating the benefit of reperfusion therapies including EVT. At least 3 months are needed to maximize potential effects of treatment. In addition, the magnitude of the difference in NIHSS found in this analysis was small and maybe of debatable clinical significance and potentially within the range difference between rates [13] [14] [15] . However, this difference was found significant irrespective of the variability among raters. Meanwhile, this diminished treatment effect may not be surprising in the setting of the older generation devices and inclusion of patients without proven arterial occlusions prior to enrollment. We also conducted the laterality analysis, as one of the reviewers recommended, based on the location of strokes (right vs. left hemisphere, results are not shown). Stroke laterality was not significantly associated with the outcome ( p = 0.4133) in the analytic model, and the final model remained the same. Although the primary analysis of the IMS III trial was not able to demonstrate the efficacy of EVT in the primary outcome measure, this secondary analysis provides a hint of such effect in an unselected IMS III population and is consistent with subsequent subgroup analyses in IMS III subjects with a large artery occlusion upon baseline CT angiography and those subjects with an NIHSS ≥ 20 at 6-12 months. Our findings of possible benefit of EVT in the IMS III trial are also consistent with subsequent 5 large, multi- center, randomized trials [11, 12, 16, 17] that have now incontrovertibly demonstrated the benefit of EVT in patients selected on the basis of imaging demonstration of large vessel occlusion. Our analysis approach -covariance structure modeling -takes into account the correlation between the measurements. It reduces the variability among the measurements and therefore increases the power for detecting the potential treatment effect [18] . In addition, the covariance structure model can handle data with missing at random when the covariance structure is estimated, which is an assumption we make for our data. This type of longitudinal analysis is not a common primary analysis in randomized controlled trials, especially in stroke. However, analysis of longitudinal data can improve power and reduce sample size and should be considered for the design of future studies.
There are some limitations of the analysis. First of all, the primary outcome (modified Rankin Scale 0-2 at 90 days) of the IMS III trial was not significantly different between the 2 treatment arms; this secondary analysis, although prespecified, cannot be considered conclusive evidence of efficacy. The evaluation at 40 min and 24 h may not be blinded to the treatment assignment, which may introduce some bias to the results. Multiplicity should also be taken into consideration while interpreting the significance of the results. Finally, the IMS III trial included earlier generation devices for EVT and did not select patients based on the presence of baseline occlusion. This may have introduced greater heterogeneity to the data and diluted the treatment effect, thereby contributing to the futility finding of the overall trial.
